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DETERMINATION OF TRANSIENT GAS EMISSION BEHAVIOUR
IN UNDERGROUND COAL MINES
Patrick Booth , Jan Nemcik and Ting Ren
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ABSTRACT: Fugitive gas emissions from underground coal mining are forecast to increase beyond the
practical management capacity of ventilation and current pre and post drainage systems. At the same
time, investors, regulators and the community are demanding more accurate and evidence based
emission information and transparent disclosure of carbon risk. The Paris Global Climate Change
Agreement commits Australia to global emission reduction targets which aim to limit global warming to
below 2⁰C with an aspirational goal of below 1.5⁰C (UNFCCC, 2015). This increases the scrutiny on
coal operations, against the backdrop of lower prices, reduced margins and increased international
competition. The prediction of methane emissions arising from underground coal mining has been the
subject of extensive research for several decades, however calculation techniques remain empirically
based and are hence limited to the origin of information in both application and resolution. Emission
predictions are essential for the quantification and management of risk. To remain cost competitive and
meet the Paris challenge, a step change to improvement is required in gas management. The
identification and use of effective and timely controls for gas management will not only make mining
safer, delivery of this outcome will reduce fugitive emissions, operational interruptions and thereby lift
both coal and energy productivity.
A new approach to the determination of transient methane emission behaviour based upon fundamental
physical and energy related principles is described. Operational risks and limitations associated with the
present traditional approaches to gas emission prediction and design of gas management, such as
localised and non-transferable empirical estimation of zone and degree of emission using historical data
matching, assumptions that geological conditions will not change, and reduced spatial and time based
resolution may be addressed using this fundamental basis.
INTRODUCTION
Australia possesses the fourth largest reserves of coal in the world. The production of these resources
form a significant part of the Australian economy at an export value of over A$45B, providing direct
employment for over 50,000 workers and over 3 per cent of Gross Domestic Product (Minerals Council
of Australia 2015). Total black coal production is forecast to exceed 445 Mt in 2015-16, with the majority
(98 per cent) of black coal production being from Queensland and New South Wales. Metallurgical coal
exports increased by 4 per cent to 188 Mt during 2014-15, however 22 per cent lower unit prices
achieved meant export value declined by 6 per cent to A$21.8B for the corresponding period. Similarly,
thermal coal exports increased by 5 per cent to 195Mt and 15 per cent lower unit prices meant export
value declined by 4 per cent to A$16.1B for the same period (Department of Industry 2015).
Australian coal mine fugitive emissions were 25 Mt CO 2-e in 2014–15; 66 per cent of total fugitive
emissions of 38 Mt and 7 per cent of all Australian Greenhouse Gas (GHG) emissions of 560 Mt. From
2014–15 to 2019–20, coal mine fugitive emissions are projected to increase by 13 per cent to 29 Mt
CO2-e. (Department of the Environment 2015). Underground mines generally produce more fugitive
emissions than surface mines because they contain more methane reflecting greater depths of cover.
While significant growth in coal production is expected over the projection period, much of this is
expected to be from surface mines with lower in-situ gas contents or through greater utilisation and
efficiencies of current installed capacity.
1
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Underground mining methods account for approximately 20 per cent of total Australian black coal
production. Co-located with the coal reserves are significant quantities of methane gas (Geoscience
Australia 2015) also known as Coal Seam Gas (CSG). Fugitive emissions of CSG via ventilation air not
only contribute towards GHG inventory, but represent a lost opportunity for energy recovery as shown in
Table 1. CSG reserves are not limited to economically recoverable coal seams, but also include coal
measures above and below the working seams.
Table 1: Relative CO2-e emissions and energy recovery of gas management alternatives
Measure (Units)
Pure methane
(CH4 litres/s)
Available Energy
(GJ/hour)
Net emissions
(tCO2-e / hr)
Recovered Energy
(MWh)
Benefit/s

Direct Vented
100

Vent Abated
100

Captured & Flared
100

12

12

12

4.6

0.7

0.7

0

0

0

NIL

Emissions reduced

Emissions reduced

Captured & Used
100
12
0.7
(0 if replacing grid sourced
energy)
1.0
Emissions reduced
Energy recovered and
emissions avoided

The Paris Global Climate Change Agreement commits Australia to global emission reduction targets
which aim to limit global warming to well below 2⁰C with an aspirational goal of below 1.5⁰C (UNFCCC
2015). To achieve this goal, investors, regulators and the broader community are demanding more
accurate and evidence based emissions information. This increases the scrutiny on coal operations,
against the backdrop of lower prices, reduced margins and increased international competition for the
expected lower than previously forecast demand for coal as an energy fuel source.
Emission predictions are essential for the quantification and management of risk associated with;
sudden gas release during mining (outbursts), accumulation of noxious or combustible gases within the
mining environment, transport via drainage or ventilation systems, and utilisation or discharge to
atmosphere. This paper focuses on prediction of transient methane emission due to longwall extraction
for the purpose of managing accumulation of methane within the mining environment and increasing the
potential for gas capture. The fundamental principles of the mechanisms of gas emission discussed in
this review can be applied to prediction and management of risks of gas outburst. The broad potential
application of the techniques described herein only increase the significance of this research.
The improved definition in the prediction of site specific transient gas emission character in terms of
source location, quantity, composition, flow path and timing is acknowledged by several authors as
critical for maintaining current production rates in higher gas content environments (Karacan et al.,
2011; Packham et al., 2011 and Wang et al., 2011). Gas emissions will increase well beyond the
practical management capacity of ventilation and current pre and post drainage systems at several
Australian underground coal mines. Hence the traditional management approach of increasing
ventilation quantity is unlikely to be sustainable due to practical constraints such as roadway area and
maximum air velocity therein. Only a step change improvement in gas drainage, capture and utilisation
practices will allow coal to remain a sustainable source of energy in a low emission world (Karacan et
al., 2011). The identification and use of effective and timely controls for gas management will not only
make mining safer, delivery of this outcome will reduce interruptions for reasons of safety management
and lift both coal and overall energy productivity.
HISTORICAL GAS EMISSION PREDICTION
The prediction of methane emissions arising from underground coal mining has been the subject of
extensive research for several decades (Curl 1978; Creedy 1993; Lunarzewski 1998 and Karacan 2008)
and techniques range from simple geometric models to modern finite element models (Ashelford 2003
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and Guo et al., 2012). However, calculation techniques remain empirically based and are hence limited
to the origin of information in both application and resolution.
Gas emissions due to mining extraction are transient and a complex function of;
• In-situ resource character
• The space where in-situ character and equilibrium is affected by extraction
• The degree to which character and equilibrium is affected, and
• System response
Specific Gas Emission (SGE) is a term commonly used in underground coal mining to describe the
volume (in cubic metres) of pure gas expected to be released to the underground workings from all gas
sources as a result of mining activity, expressed per unit tonne of coal mined. (Lunarzewski 1998) This
should not be confused with absolute gassiness, which is an expression of the predicted or measured
quantity of gas per unit of time.
The techniques for gas emission prediction have been standardised for the major coal producing
regions around the world including Europe and the UK, America, Asia, Australia and more recently
China (Creedy 1993; Lunarzewski 1998; Noack 1998 and Wang et al., 2012). Each of these regions has
their own prediction variations; however most rely heavily on localised historical data for the underlying
base measurement parameters and interpretation. Measurements required for the application of all
techniques are essentially the same.
The most critical measurement in the application of all current gas emission prediction techniques is gas
content measurement. Techniques for gas content measurement by both direct and indirect methods
are described extensively in the literature and remain the subject of debate between researchers in
relation to accuracy and repeatability of results (Saghafi et al., 2007). The high sensitivity of results to
sampling technique and measurement conditions between in-situ and laboratory, combined with the
limitations of laboratory processes for gas content measurements are described in the introductory
section of AS3980-1999, “Guide to the determination of gas content of coal – Direct desorption method”
(Australian Standards 2013).
The interpretation and calculation of firstly the zone of extraction influence, and secondly the degree,
nature and timing of gas emission from that zone of influence has undergone successive improvement
over the last seven decades and yet prediction methods remain empirically based. A pictorial summary
of the historical improvement to prediction techniques is shown in Figure 1. Care must be taken when
interpreting any of the diagrammatic versions of the predictive methods not to confuse the degree of
emission with the spatial zone of emission.

Figure 1: The Historical Gas Emission Prediction Journey
10 –12 February 2016

369

2016 Coal Operators’ Conference

The University of Wollongong

The Flügge technique continues to be used for the purpose of total specific gas emission calculation at
many Australian mines, however limitations in describing spatial and time based gas emission with any
resolution renders it ineffective for design of gas drainage programs . Evidence provided through finite
element analysis and micro seismic observations (Kelly et al., 1998) suggest the triangular prism
representation shown in Figure 1 is only valid in specific geological conditions and does not cater well for
changes in either geology or operational practices.
Improvements described by Noack (1998) and Curl (1978) included allowance for exponential reduction
in degree of emission with increasing vertical distance into both the roof and floor. In the Winter model,
recognition of the significant influence of strata strength in gas emission was first quantified with an
empirical relationship. As shown in Figure 1, the zone of gas emission is represented as three separate
curves with respect to either strong, medium or weak strata. A consolidated review of the state of gas
emission prediction research at the time was presented in Curl (1978). The review compared up to 10
different predictive techniques and argued that in most cases the techniques were only suitable for the
regions in which they were developed due to the reliance on empirical factors. Curl argued that of all the
predictive models researched, only the UK’s MRDE technique, based on Airey (1968), presented a
coherent explanation of the influences to gas emission. Corrections for depth, extraction rate, front
abutment distance, and weekly production cycle were all included in the calculation.
Rather than making minor changes to existing zone of emission and degree of emission curves,
research by various workers (Gray 1987; Barker-Read and Radchenko 1989 and Lama and Bodziony
1998) focussed on understanding of fundamental mechanisms driving gas emission behaviour from coal
and surrounding strata. The importance of cleat and joint geometry and net effective stress in the control
of fluid movement was highlighted. Research by Lama in particular led to the significant reduction of risk
associated with gas outburst through the development of gas content threshold levels for the Bulli seam.
The thresholds largely remain in place in the Australian coal industry to the present day due to the
fundamental nature and sound principles based methodology used in that research. These include
methods based upon differential sorption properties of coal under the effect of a shear structure, and
gas pressure measurements which change as a result of changes in the permeability of the structure.
Significantly, the fracture density and sorption properties may change up to 20 m away from the shear
structure, but gas pressure changes can occur up to 100 m away from the structure.
The GeoGAS Longwall “Pore Pressure” model described by Ashelford (2003) took account of many gas
reservoir and geological parameters of coal seams and allowed variation of mining operations in arriving
at a gas emission value. The calculation process involves changes in “pore pressure” resulting from rock
mechanics as shown in Figure 1. The model relies upon measured gas reservoir properties for the
determination of gas release such as; measured gas content (Q m) at reservoir temperature, gas
desorption rate, gas composition, gas sorption capacity at reservoir temperature, seam thickness and
mineral matter above and below the working section, pore pressure and coal and sandstone porosity,
and therefore the model outputs are largely based in fundamental scientific principles. The parameters
and how they are measured are described by Williams et al., (2001).
Definition of the pore pressure resulting from mining was obtained as an output from the finite element
analysis software FLAC (ITASCA 1995). The advantage of this model over other was its ability to
accurately predict the magnitude of gas emission from the floor seams below the Bulli seam in the
southern Sydney basin at mines such as West Cliff and Appin. This was due to the significant
deformation and order of magnitude changes in horizontal and vertical stress in the floor strata
recognised and displayed by the FLAC software. Whilst the pore pressure model remains the most
adaptive and fundamentally based calculation of gas emission for longwall operations, the assumptions
limit the application of this technique to the increasing spatial and time resolution required for design of
gas drainage programs. Limitations include; sudden gas release from floor breaks cannot be modelled,
desorption behaviour being consistent with the gas desorption isotherm for that particular coal type, and
the assumption that gas desorption is the limiting factor in the supply of gas to the system.
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The availability of increasing computational processing capability enabled the management of the
increased size and complexity of the data available for gas emission analysis through the later part of
the last decade. Studies by (Karacan, 2008; Karacan and Goodman 2012 and Karacan and Olea 2014)
used statistical, Principle Component Analysis (PCA) and Artificial Neural Network (ANN) based
approaches to predict the ventilation methane emission rates of U.S. longwall mines. Critically, all
techniques which involve the use of large historical data sets for gas emission prediction by analysis by
statistical, PCA or ANN approaches rely on a fundamental assumption that input conditions will not
materially change.
Gas emission prediction in China is generally derived by a statistical method, where localised historical
data is available, or a split source sum of the contributing parts method when specific data is
unavailable. Chinese standards (AQ1018-2006) allow either approach to be used by trained specialist
engineers familiar with the local conditions for which the prediction is made. The statistical approach
makes several assumptions regarding the consistency of geology and operating practices in the locality
of prediction. The use of linear interpolation of gas environmental input data with increasing depth of
mining in the split source method and its limitations are discussed by (Chen et al., 2014).
In summary, all historical gas emission prediction techniques follow variations of the same basic steps to
arrive at a broad ranging result in terms of SGE in cubic metres of gas per tonne of coal mined. Spatial
and time resolution of any prediction technique following this basic methodology is limited, and the result
only applicable to the particular conditions in which the prediction is made. Comparison of various
prediction models is difficult for the reasons discussed in Jensen et al (1992).
RELEVANT GAS GENERATION, STORAGE AND FLOW FUNDAMENTALS
Coalbed gas or coal seam gas are general terms used to describe gases contained within coal
measures that are generated as part of coalification and other geological and hydrogeological
processes. Similar to the creation of coal itself, coal bed gas generation pathways are also dependent
on fundamental physical and chemical character and changes in both level and form of energy within the
environment. Coal bed methane can be classified as either biogenic or thermogenic in origin and may
be differentiated by carbon isotopic composition amongst other techniques. (Burra et al., 2014)
summarised the key isotopic interpretations, however (Pashin 2014) cautions against the strict use of
carbon isotope value thresholds for the determination of methane origin because biogenic gas
13
generated by CO2 reduction may produce larger δ C values depending on the source of the original
CO2 consumed by the methanogens. Saghafi et al., (2015) recently provided field results for a mine in
the southern Sydney basin which, when combined with traditional chemical compositional analysis for
ratios of methane and carbon dioxide to higher hydrocarbons, suggests that isotopic analysis is a valid
technique to differentiate between gas sources in multi seam environments.
Biogenic methane is generated at low temperature by anaerobic microbes (methanogens) when coal
beds are exposed to groundwater recharge after basin deformation. The dominant biological processes
involved in the generation of biogenic methane include carbon dioxide reduction and acetate reduction
or fermentation which are described in chemical equations (1) and (2(a) and (b)). Two significant factors
must be carefully considered in the characterisation of the origin of biogenic gas. Firstly, for carbon
dioxide reduction to methane, Hydrogen must be present. Secondly, in addition to the methane, the two
part acetate fermentation process also produces CO2.
CO2 + 4H2 CH4 + 2H2O
+
CH3COO + H H4+ CO2 (a) and CH3COO + H2OCH4 + HCO3 (b)

(1)
(2)

Availability of hydrogen ions is increased via groundwater flow and recharge in subterranean aquifers.
The flow pathway of water is therefore an important factor in characterising gas reservoir conditions. The
relative rate of change of coal seam gradient provides information on available potential energy under
the influence of gravity. The effect of gravity on hydrogeological character has remained constant over
geological time.
10 –12 February 2016
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Thermogenic gas is generated at high temperature during late stage coalification and generally contain
heavier carbon isotopes than biogenic gas. The results described from (Moore 2012) indicate that the
first gas generated via thermogenic processes is CO 2 at approximately 50 °C. Above this temperature,
increasing amounts of hydrocarbons (methane, ethane and higher) and nitrogen are produced at
maximum volume at approximately 150°C. At higher temperature, gas generation reduces, producing a
parabolic maximum gas volume trend with temperature and/or rank. Such parabolic gas content trends
have been reported from a number of Australian Basins (Faiz et al., 2007).
Over ninety per cent of gas storage in coal occurs by physical adsorption to the surface of the coal
matrix, including the surfaces of all internal pores and cleats or fractures. (Flores 1998) The remaining is
free gas, which may also reside within internal pores depending on pore geometry, and also within
cleats or fractures. It is the physical adsorption process which differentiates coal bed reservoirs from
conventional gas reservoirs. Conventional gas reservoirs may contain only one-sixth to one-seventh of
the equivalent coal bed reservoir by rock volume, as the gas is free within porous spaces and not held to
surfaces via adsorption.
The fundamental adsorption concepts between gas and a solid surface are usually described in terms of
isotherms, where the amount of adsorbate on adsorbent is shown as a function of pressure at constant
temperature as depicted in Figure 2. Up to 15 models for the adsorption principles are described in the
literature, the most common being the Langmuir model. Langmuir suggested that adsorption takes place
through the equilibrium mechanism. Thus at low pressures this molecularly denser state allows greater
volumes to be stored by sorption than is possible by compression, however the availability of adsorption
sites (surface area) remains the key parameter. Higher pressures increase the potential that a particular
molecule will find an adsorption site. Other extended formulations of the Langmuir model to address
some of the more practical limitations, such as presence of mixed gases, mineralisation and moisture
are described in the literature (Moore 2012).

Figure 2: Typical gas isotherm
The movement of gas molecules through other gases, fluids or solids are described by Fick’s Laws.
Both of these laws are of relevance to the prediction of gas emission from coal and are demonstrated in
Table 2. Fick's first law relates the diffusive flux to concentration under the assumption of steady state.
Fick's second law predicts how diffusion causes the concentration to change with time. It is a partial
differential equation where concentration per unit volume is a function that depends on location and
time. The key point for diffusive behaviour is that the energy driving the diffusion process is atomic
energy and molecular vibration motion in response to this energy. The concentration gradient is a proxy
term for molecular energy density per unit volume gradient across three dimensional space, and is
relatively small in energy terms in the absence of other forces (e.g. pressure gradients). Solutions for
372
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either time or distance can be obtained from evaluation of both of Fick’s Laws simultaneously. The
critical point being that on reducing spatial component of both equations (dx), it becomes more probable
that molecules will be subject to much larger external energy forces (e.g. pressure gradients) in shorter
timeframes.
Darcy's law is an expression of conservation of momentum and was initially determined experimentally.
At constant elevation, Darcy’s law is a simple proportional relationship between the instantaneous
discharge rate through a porous medium Q, the viscosity of the fluid u and the pressure drop (Pa – Pb)
over a given distance L as shown in Table 2. This equation can also be solved for permeability, allowing
for relative permeability to be calculated by forcing a fluid of known viscosity through a core of a known
length and area, and measuring the pressure drop across the length of the core. In practice, this
measurement is difficult and expensive to complete in-situ, but is the only method of obtaining a true
permeability result which reflects the reservoir conditions.
In case of coal, permeability is a complex, multi-dimensional function of several influences such as
width, length, height, aperture spacing, frequency or density, and connectivity of cleats or fractures
(Flores 2014). Many of these influence functions are non-linear, however, similar to the use of the
“impedance” in electrical circuit theory, have components that can be either readily measured directly or
indirectly or otherwise grouped without affecting materially affecting calculation results. Changes in
permeability in coal may be summarised into two main components; firstly the effective stress effects,
and secondly the shrink and swell strain effects on the coal matrix with desorption or adsorption which
may increase or decrease relative permeability, both shown mathematically in Table 2.
Coal composition controls a broad range of gas reservoir properties including gas adsorption capacity,
gas content, porosity, permeability and gas transport. The gas storage capacity in particular is defined
by coal structure. Using fundamental physical, chemical, energy and geometric relationships, it is
postulated that for the purpose of gas emission prediction, dynamic response of the gas reservoir to
mining extraction can be reliably predicted using measured data which is largely available through
proximate characterisation parameters such as rank, carbon content, macerals, and moisture content.
Table 2: Common form descriptions for various forces involved in gas emission

The coal structure sets adsorption/desorption character, which also changes with gas type, but this does
not necessarily mean that a coal of certain properties and whose sorption capacity is described by a
particular isotherm actually contains that amount of gas for a given volume. The ratio between actual
gas content and the theoretical capacity is known as the degree of saturation and is expressed as a
percentage. Lower in-situ degree of saturation is an indicator that other mechanisms, such as lowering
of hydrostatic pressure through fluid movement, have potentially allowed gas to migrate or otherwise be
released from the coal after initial gas generation. Mineralisation influences internal structure, geometry,
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pore availability to gas adsorption, ability of gas to flow, shrinking and swelling, gas content, gas
recoverability, and potential for enhanced gas recovery (Flores 2014).
A common technique for characterisation of the coal structure is pore size distribution analysis. Pore
sizes are categorised into micro, meso and macropores with sizes less than 2nm, 2-50nm and above
50nm respectively. Experimental evidence closely correlates increasing coal rank with higher
proportions of micropores.(Mosher et al., 2013). An increase in micropore distribution per unit of coal
volume also infers an increase in surface area available for gas adsorption sites, in turn explaining
observed experimental increase in gas storage capacity with coal rank, and increase in rate of change of
volumetric capacity per unit pressure change as described by Kim in the review by (Moore 2012).
A NEW APPROACH
The fundamental nature of these physical and chemical interactions between the principal components
of coal, coal seam gas and other substances found in the mining environment have remained constant
over geological time and are significantly influenced by the various forms of energy applied. Only with
recent improvement to analytical and measurement tools and processes, in some cases down to the
sub-atomic scale, can the interactions which are applicable to the mining environment be appreciated.
Some of the basic atomic properties relevant to the mining environment are demonstrated in Table 3,
specifically noting the relative size and electron affinity of Carbon compared to other atoms.
Table 3: Relevant common element atomic properties
Element name
Hydrogen
Helium
Carbon
Nitrogen
Oxygen

Atomic
number
1
2
6
7
8

Shell
configuration
1s1
1s2
1s2 2s2 2p2
1s2 2s2 2p3
1s2 2s2 2p4

Valence
1
0
4
5
2

Radius
(pm)
53
31
67
56
48

Electro
-negativity
2.20
~
2.55
3.04
3.44

Electron-affinity
(kJ/mol)
72.8
0
153.9
7
141

An indication to the application of energy based physics in the determination of transient gas emission
behaviour is provided in the relationships summarised in Table 2. These relationships can be used to
-12
describe the complex interactions between atomic particles at sub Pico metre (10 ) scale and may also
be applied to coal gas interactions at the molecular scale. This is due to well defined and understood
geometric and energy properties of the typical gases, liquids and solids involved. Recent literature and
experimental results support the use of an energy based approach (Mosher et al., 2013).
Van der Waal’s forces are the sum of the attractive or repulsive forces between molecules. The term
includes up to four different types of generally anisotropic forces which depend on the relative
orientation of the molecules. Table 2 shows the van der Waals force F vw(r) between two spheres of
constant radii R1 and R2 is a function of the size of the spheres and the separation distance, r. The force
on an object being the negative derivative of the potential energy function. Evaluation of the several
potential molecular interactions between coal matrix, gases, and surface and pore geometries suggests
a plausible explanation for preferential adsorption and increased sorption capacity of CO2 over CH4, and
reduction of adsorption capacity with increase in moisture content for any coal type by reference to gas
atomic and molecular parameters shown in Tables 3 and 4.
Fick’s Laws commonly describe diffusive processes between gases, gases and liquids, and liquids, and
are generally characterised by reference to a concentration gradient. However, in the absence of
pressure difference and bulk molecular flow, the only source of energy for diffusion is provided by
molecular vibration. Observation of molecular geometry combined with basic reservoir characterising
parameters (pressure, temperature and phase state) will thus provide data to inform the likely behaviour.
Darcy’s Law, complete with various extensions, is used to describe bulk molecular flow under the driving
energy of pressure differential and may be applied to single phase gas or two phase gas-liquid flow. The
timing of pressure differential is significant in the application to understanding transient coal gas
374
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emission behaviour, as the combination of time and energies available will determine the changes to
various equilibriums throughout the processes.
Table 4: Common molecular properties
Common
Chemic
molecule name al Symbol

State at
STP

Lewis
Structure

Space
fill model

Methane

CH4

Gas

Molecule
size
(nm)
0.38

Nitrogen

N2

Gas

Carbon
Dioxide

CO2

Water

H2O

Density
Molar
(kg/m3) Mass (g/mol)
0.72

16.0

0.36

1.25

28.0

Gas

0.34

1.98

44.0

Liquid

0.27

998

18.0

Strata response to extraction is defined by strata and coal properties and geometry of the extraction.
These processes may be modelled using commercially available finite element software. The
application of outputs of such software may be used to inform gas emission characterisation, particularly
with respect to stress history and magnitude, and fracture extent and nature. Strata failure modes of
relevance to longwall extraction and consequent gas emission have been predicted and verified under a
range of geological conditions using various integrated techniques (Kelly et al., 1998). In particular, the
orientation and properties of fractures including; shear fracture through intact rock and along bedding,
and tensile fracture of intact rock and along bedding planes were accurately forecast and measured in
spatial and time dimensions. The depth and nature of stress change and fracturing into the floor below,
particularly for the case study results given, suggests that previous methods for gas emission prediction
may significantly underestimate the contribution from underlying seams where they exist.
Excepting longwall block commencement and completion zones, and in the absence of other geological
structures, the effect of stress history and fracturing may be repeatable and not require continuous
recalculation. A computationally efficient method of testing for recalculation requirements using
accessible data has been trialled. Key indicators for recalculation requirements are associated with; rate
of change of gradient (i.e. d2z/dx, dy), rate of change of stress and stress history, change in fracture
mechanism (tension, compression, and shear), and rate of change of pressure (i.e. dp/dt and dp/dx).
RECENT SUPPORTING LITERATURE AND EXPERIMENTAL RESULTS
Molecular modelling provided detailed simulation of physical adsorption processes between gas and
coal (Mosher et al., 2013). This work demonstrates that relative geometry and size of molecule to pore is
critical. The results demonstrated through simulation and displayed in Figures 3a and 3b clearly support
the influence of physics and atomic properties such as those shown in Tables 3 and 4. When combined
with pore size distribution data, the results explain many laboratory and field observations, such as
those found in Flores (2014).
The application of Finite Element Analysis (FEA) software and CFD coupling to gas emission prediction
(Guo et al., 2012) demonstrates that fundamental principles can be used for the prediction of gas
emission. Magnitude of stress change is the key parameter for determining permeability change. While
the field trials using continuous coupling between FEA and CFD models performed in the “Cosflow”
software have shown good correlation to calculation results, the process is computationally exhaustive.
Recent use of multiple experimental techniques to determine permeability evolution under cyclic load
(Cai et al., 2014) shown in Figure 5, clearly demonstrates the roles energy change and history have in
determining transient emission behaviour. This study used X-Ray CT and acoustic emission results from
a coal sample subjected to cyclic loading in a tri-axial test apparatus and demonstrated that on initial
10 –12 February 2016
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increase in effective stress, permeability was reduced. However, during this increase in load, X-Ray CT
results also demonstrated the initial creation of micro-fracturing within the sample. Successive increase
in load on the sample eventually increased the density of fracturing to a point of failure where
permeability increased exponentially. It is the relationship of initial increase in stress to creation of
micro-fracturing within coal that is to be further examined by experiment, along with the evolution of
fracture aperture and eventual role in determining pressure change in the underground environment.

Figures 3(a) and (b): Adsorption simulation after Mosher et al., (2013)

Figure 4: Examples of the application of FEA modelling techniques after Guo (2012)

Figure 5: Determination of permeability evolution under cyclic load after Cai et al., (2014)
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CONCLUSIONS
Accurate characterisation of transient gas emissions in terms of quantity, composition, source location
and timing – particularly during longwall extraction - is essential to reduce uncertainty in the site specific
evaluation and optimisation of upstream mine gas management practices and hence improve safety and
sustainability, enhance production and reduce cost.
The character of the initial gas reservoir and its likely response to longwall extraction is largely
determined by the structure of the gas bearing stratum (may be coal, shales or porous sandstones) and
the types and magnitude of energy that stratum has been subject to over geological time. Conversely,
the rate, quantity and timing of gas emission during longwall extraction is determined by energy transfer
and exchange as a result of operational practices occurring over a period ranging from seconds to
years. Gas adsorption, diffusion and flow (source) character within a potential gas emission space has
been traditionally informed through the use of gas content and composition testing. The continued use
this testing as the sole means of quantifying inputs to emission prediction calculation will remain a key
limiting factor in obtaining the spatial and time based resolution required for optimal design of gas
drainage practices.
All prediction techniques which involve the use of large historical data sets for gas emission prediction
by analysis by statistical approaches rely on a fundamental assumption that input conditions will not
materially change – particularly with respect to geology, gas content and composition within that
geology, and extraction practices. A new approach to emission prediction is proposed, incorporating
fundamental energy related principles and calculation techniques associated with; rate of change of
strata gradient, rate of change of stress and stress history, and change in fracture mechanism and rate
of change of pressure with respect to both space and time. For application to initial ventilation system
design, broad range emission prediction may suffice. However, where ventilation capacity is constrained
and gas drainage design is required for mitigation of risk, a dynamic and high resolution technique is
required. This will enable step change improvement in gas management practices to be delivered
sustainably.
The reduction of total net gas management life cycle costs, firstly in operation of high volume ventilation
arrangements with conservative capacity design bases, and secondly in the execution of high density
drilling in gas drainage programs which frequently do not deliver increased gas capture rates or result in
drainage of gas below relevant thresholds in the timeframes required, is a key required outcome.
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